Originality-Significance Statement 25
While the metagenomics of hypersaline environments have already led to many discoveries, the 26 transcriptional adaptations and functions of halophilic microbial communities in natural 27 environments remains understudied. We perform the first robust meta-omic investigation of a 28 hypersaline desert ecosystem, linking the genomic and transcriptional elements of the 29 community. Our analysis unexpectedly revealed that Eukaryotes may be the main primary 30 producers in this extreme environment, despite halophilic Archaea and Bacteria dominating the 31 biomass. We also expand on the existing known diversity of halophilic viruses and demonstrate 32 33
Summary 34
Microbial communities play essential roles in the biosphere and understanding the mechanisms 35 underlying their functional adaptations to environmental conditions is critical for predicting their 36
behavior. This aspect of microbiome function has not been well characterized in natural high-salt 37 environments. To address this knowledge gap, and to build a general framework of relating the 38 genomic and transcriptomic components in a microbiome, we performed a meta-omic survey of 39 extremophile communities inhabiting halite (salt) nodules in the Atacama Desert. We found that 40 the major phyla of this halophilic community have very different levels of total transcriptional 41 activity and that different metabolic pathways were activated in their transcriptomes. We report 42 that a novel Dolichomastix alga -the only eukaryote found in this system -was by far the most 43 active community member. It produced the vast majority of the community's photosynthetic 44 transcripts despite being outnumbered by members of the Cyanobacteria. The divergence in the 45 transcriptional landscapes of these segregated communities, compared to the relatively stable 46 metagenomic functional potential, suggests that microbiomes in each salt nodule undergo unique 47 transcriptional adjustments to adapt to local conditions. We also report the characterization of 48 several previously unknown halophilic viruses, many of which exhibit transcriptional activity 49
indicative of host infection. 50
INTRODUCTION
Extremophile endolithic (inside-rock) microbiomes of the Atacama Desert, Chile are a 96 compelling ecology model for studying microbial community assembly principles and their 97 sensitivity to perturbation make them an effective system to investigate the effects of climate 98 change on microbiomes (G. . Encased in rocks, these communities have 99 minimal exchange of biomass and nutrients with the outside, allowing each community to 100 develop independently and, as such, providing insights into community structure replication. 101
Despite an average annual precipitation of less than 1mm (Davila et al., 2015) microbes have 102 evolved to survive by living inside halite nodules (salt rocks), relying on atmospheric moisture 103 absorbed by the salt through deliquescence (Crits-Christoph et al., 2016; Robinson et al., 2015) . 104 Based on functional potential, the only members of the halite community capable of 105 carbon fixation are a single species of halophilic alga and 1-3 species of cyanobacteria 106 (Halothece and Euhalothece). The carbon they fix also supports a number of heterotrophs, 107
including Halobacteria and Bacteroidetes, which constitute the majority of the system's biomass 108
(Crits-Christoph et al., 2016; Robinson et al., 2015) . The community was also found to contain a 109 diverse consortium of viruses infecting most members of the Archaea and Bacteria domains 110 (Crits-Christoph et al., 2016). Analysis of temporal (G. and spatial (Finstad 111 et al., 2017) dynamics of this community revealed water to be the governing factor of its 112 taxonomic composition. It is also likely that the humidity and temperature changes in the 113
Atacama Desert throughout the diurnal (day/night) cycle have an impact on microbiome 114
functioning. A previous study demonstrated that these communities are metabolically active with 115
in situ activity measurements for photosynthesis and respiration, however the contributing 116 community members on the molecular level have not been identified (Davila et al., 2015) . Our 117 recent interrogation of the community's small non-coding RNAs showed that these communities 118 are capable of dynamic regulation of their transcriptome with sRNAs (Gelsinger et al., 2019) . 119
To address the lack of knowledge on the transcriptional functioning of halophilic 120 microbial communities, we interrogated the metatranscriptome of the halite microbiome. We 121 sampled several nodules from different time-points, placing our transcriptional observations in 122 the context of the metagenomic composition of the respective samples, and revealing the 123 transcriptional activities in this unique community. We characterized the functional pathways 124 transcriptionally active in the community, and found a surprising degree of transcriptional 125 activity of the community's only Eukaryote. We also reported on the phylogenetic variety and 126 infective activity of this community's viruses. 127 128 129
RESULTS

130
Community taxa varied in their contribution to the metatranscriptome 131
Genomic DNA and total RNA for 12 biological replicates, each from a different halite  132 nodule, were sequenced, yielding a total of 96.0M and 81.2M reads, respectively. RNA reads 133 matching rRNAs were removed computationally, yielding 12.8M non-ribosomal RNA reads. 134
Assembled contigs were taxonomically classified based on genes annotated within then. The 135
DNA and RNA reads were then aligned back to these classified contigs and the overall 136 taxonomic composition at the metagenomic and metatranscriptomic level was determined from 137 the distribution of the reads aligning to each respective taxonomic classification. (Fig. 1 ). This 138 analysis revealed differences between the community taxa abundance (fraction of DNA reads) 139
and overall gene expression levels (fraction of RNA reads), as the transcriptional level of several 140 taxa were over-or under-represented with regard to their relative abundance in the community. 141
In particular, the total transcriptional activity of Eukarya, represented by a single metagenome-142 assembled genome (MAG; see following sections), was much higher than their genomic 143 abundance in the community; 12% of non-rRNA metatranscriptomic reads were mapped to 144
Eukaryotic contigs, compared to only 1% of metagenomic reads. In contrast, bacteria -145
particularly Bacteroidetes -represented a smaller fraction of the metatranscriptome compared to 146 the metagenome (8% vs 15%). 147
To understand the relationship between relative abundance of organisms and their 148 transcriptional activity, we carried out an analysis at the level of individual contigs. The relative 149 abundance of contigs, expressed in copies per million (CPM), was estimated from their DNA 150 read coverage and the contig transcriptional activity was estimated from the average expression 151 of genes carried on the respective contigs, expressed in transcripts-per-million (TPM). We found 152 that contigs from different taxa displayed drastically different transcriptional activity levels, 153 which were not necessarily correlated with their abundance levels ( Fig. 2A ). In particular, the 154 three photosynthetic species -Halothece and Euhalothece cyanobacteria and a Chlorophyta 155 green alga -had similar average gene transcriptional levels despite being present at notably 156 different genomic abundances. Contigs from the dominant cyanobacteria, Halothece, had high 157 gene expression levels but, because of the high relative abundance of this organism in the 158 community, the transcriptional activity of the contigs relative to their abundance was low. As 159 previously observed in the overall taxonomic composition of the community, the algae contigs 160 displayed extremely high levels of transcriptional activity despite being present at very low 161 genomic abundance (~1%). On the other extreme, Nanohaloarchaea had very low gene 162 transcription levels and low relative abundance. The differences in abundance and transcriptional 163 activity levels of other taxa were not as extreme, however significant variation in transcriptional 164 activity was observed within the highly diverse groups of Bacteroidetes and Halobacteria (the 165 dominant class within the Euryarchaeota phylum). 166
Quantifying the relationship between relative abundance and transcription levels at the 167 phylum level ( Fig. 2B ) or using metagenome-assembled genome (42 MAGs, completion>70%, 168 contamination<5%; Data 1; Fig. 2C ) supported that the Chlorophyta (algae) was an order of 169 magnitude more active than most other MAGs in this community. In terms of the total number of 170 transcripts ( Fig. 2B, 2C ), algae contributed more to the metatranscriptome than both of the other 171 photosynthetic members combined. While alga's organelle genomes were much more numerous 172
relative to the chromosomal genome (approximately 10X for mitochondria and 20X for 173 chloroplasts), we found that, even when adjusting for genome copy numbers, the chloroplasts 174 were nearly 10X more transcriptionally active than the Cyanobacteria (Fig. 2C ). The alga was 175 taxonomically identified to be in the class Mamiellophyceae, whose members have been 176 previously characterized to have a single mitochondria and chloroplast (Robinson et al., 2015; 177 van Baren et al., 2016) . This suggests that the coverage differences between the halite alga's 178 main chromosomes, mitochondria, and chloroplasts were the result of multiple genome copies in 179 each organelle. 180
While some taxa were more transcriptionally active than others, we also found that the 181 transcriptional activity of MAGs (expressed as the ratio of total RNA expression to the total 182 DNA abundance) changed significantly between replicates ( Fig. S2 ). This variance in activity 183 was so great that an attempt to correlate the abundance and transcriptional levels of any given 184 MAG across replicates ( Fig. S3C ) was successful for only a small subset of organisms ( Fig.  185 S3D). We verified that these findings were not the results of binning biases by repeating the 186 analysis at the contig level ( Fig. S3A, B ). transcriptional activity of a given contig or MAG was estimated to be the median read expression 202 (TPM) of its genes. The total relative abundance was estimated from its average DNA read 203 coverage. 204 205
206
Virus diversity and transcriptional activity 207 We investigated viral diversity and transcriptional differences in the halite community 208 using the sequences of homologous viral proteins, across samples. We extracted and functionally 209 annotated 91 viral contigs from the metagenome, ranging in size from 5Kbp to 51Kbp. The halite 210 viruses included members of order Caudovirales (prokaryotic head-tail viruses including 211
families Myoviridae, Siphoviridae, Podoviridae and so-called Haloviruses) and of the archaeal 212 virus families Pleolipoviridae and Sphaerolipoviridae (Fig. S4 ). The extracted viral contigs 213
represented expansions of some extant genera (as determined by VContact2) while a number of 214 contigs established previously unidentified genus-level clades. CRISPR spacer and nucleotide 215 sequence similarity between viral genomes and host chromosomal regions were used to identify 216 putative hosts of prokaryotic viruses, leading to the identification of the hosts for 44 viruses, and 217
revealing that the viruses primarily targeted Halobacteria and Salinibacter hosts for infection. 218
The most abundant and transcriptionally active viruses belonged to a new clade of Myoviridae 219 viruses, predicted to infect members of the Halobacteria class ( Fig. 3 ). Interestingly, most highly 220 transcribing viruses were active in only a few samples. The most highly expressed genes were 221 annotated as being virion structural components or DNA replication/mobilization, indicating that 222 active lytic infection was occurring in these communities at the time of sampling. 223
In order for a virus to be transcriptionally active it needs intracellular access to a host 224
cell, suggesting that the activity level of a given virus in a sample is dependent on its abundance 225 and transcription rates, but also on the abundance of its host and its infection success. Consistent 226 with this, we found that a virus's high genomic abundance does not necessarily lead to 227 transcriptional activity, and most viruses had no detectable transcription in most samples ( Fig.  228 S5). In a given sample, many transcriptionally active viral contigs were not highly abundant at 229 the DNA-level, and highly-abundant contigs were not necessarily active at the transcriptional 230 level. Only 12 out of the 91 virus contigs showed significant positive correlation between viral 231
abundance and viral transcriptional activity ( Fig. S6 ). Alphapleolipovirus genera, and viral contig from the RefSeq database (in grey). Genome maps 237
were drawn and compared with TBLASTX and EasyFig. Circles represent metagenomic 238 239 240
Characterization of putative genome of a novel Dolichomastix alga 241
Through a combination of assembly and binning methods we reconstructed the alga 242 chromosome, chloroplast, and mitochondrion draft genomes. The metatranscriptome was also 243 assembled to obtain the complete sequence of the 18S rRNA gene sequence. The latter sequence 244 was found to be 99% identical to the sequence previously extracted from the halite microbiome 245
using an amplicon-based approach (Robinson et al., 2015) , and 94% identical to a putative 246
Dolichomastix alga found in Lake Tyrell (Heidelberg et al., 2013) . Re-evaluation of the 247 phylogenetic placement of this sequence confirmed that the halite alga belongs to the 248
Dolichomastix genus (Fig. S7 ). 249
Evaluating the relative contributions of oxygenic photosynthetic members to the 250 functioning of the community revealed that the halite alga contributed significantly to 251 photosynthesis. We identified several key genes from the photosynthetic pathway, a set of which 252
were found in all three organisms capable of photosynthesis, the alga Dolichomastix and the two 253
Cyanobacteria (Fig. 4 ). For almost every photosynthetic gene -particularly psa genes and most 254
psb genes -the algae contributed an order of magnitude more transcripts than both of the 255
Cyanobacteria combined. We also identified components of the carbon fixation pathway in all 256 three phototrophs and found that the chloroplast gene encoding for RuBisCO was the second-257
highest expressed non-ribosomal gene in the entire alga (after psbD). 258
Given the high importance of Dolichomastix alga for community carbon fixation, we 259 further characterized its genome in relation to its closest fully sequenced phylogenetic relatives 260
Ostreococcus tauri and Micromonas pusilla (marine algae), and another halophilic alga 261
Dunaliella salina. and a significant majority were highly expressed (>10TPM, Fig. S8C ). Using this homologous 291 set of genes with potential roles in high-salt tolerance in D. salina, we identified several highly 292 expressed chaperones and heat-shock proteins in the Dolichomastix transcriptome, as well as a 293 number of mitochondrial and chloroplast genes (Data S2). The predicted proteome in the 294 chloroplast and mitochondria generally favored high-pI proteins compared to the main cellular 295 compartment, although the small number of organelle genes may bias the observed pI 296 distributions, particularly in the mitochondria (Fig. S8D ). Major functional pathways highly expressed in the community 304 Investigating the expression levels of functional pathways from the KEGG Brite database 305 in the halite community allowed us to identify highly transcribed functions. The transcriptional 306 activity (transcripts per million reads, or TPM) of pathways was estimated from the sum of 307 expression values of all the genes in a pathway, and standardized to an equal sum of pathway 308
TPMs in each replicate. Interestingly, the Euclidian distance hierarchical clustering between 309
RNA replicates based on pathway expression did not reflect the sampling time-points or the 310 taxonomic compositions of the samples (Fig. 5 ). Most highly-expressed pathways, including 311 translation, nucleotide metabolism, amino acid metabolism, and DNA replication and repair, 312
were also present at high levels in the functional potential (copies per million of DNA reads, or 313 CPM). In contrast, photosynthesis was the most highly expressed pathways in the community but 314
had relatively low levels of abundance at the DNA level, which were similarly estimated from 315 the total DNA read coverage of genes in each pathway (see methods). Opsin production pathway 316
was also expressed at relatively high levels when taking into consideration its low abundance in 317 the functional potential. 318
By standardizing the abundance and expression values of each pathway to the maximum 319 value (abundance or expression), we were able to visually compare the relative expression of 320 each pathway in relation to its abundance in the metagenome and infer pathways 321 transcriptionally prioritized by the community (Fig. S9 ). The Euclidian hierarchical clustering of 322 community metabolic pathways resulted in three groups -those that were expressed lower, 323
higher, or equal to their respective abundances in the community's functional potential. Among 324 the lowly-active pathways, we found cellular membrane and cell wall components, including 325 most lipid metabolism and synthesis pathways, and glycan biosynthesis. Within the highly 326 expressed pathway group we found functions responsible for energy metabolism and carbon 327 flow, such as photosynthesis and oxidative phosphorylation. The other group of highly expressed 328 pathways dealt with protein turnover. In particular, multiple pathways for transcription and 329 translation were very active, as were pathways for protein folding, trafficking, and degradation. (RNA) value were the combined total CPM or TPM (respectively) of the genes that constitute 335 that pathway. All samples were standardized to an equal total coverage of pathways. 336 337 338 339 We further explored the pathways most transcribed for each of the major taxonomic groups in 340 the community, Halobacteria, Bacteroidetes, Chlorophyta (green algae), Cyanobacteria, 341
Pathway expression enrichment in major taxa
Proteobacteria, Actinobacteria, and Nanohaloarchaea, by computing the ratio between the 342 standardized pathway expression to pathway abundance (in the metatranscriptome and 343 metagenome, respectively; Fig. S10 ). Importantly, these ratios did not represent a taxon's overall 344 functional landscape, but rather the degree to which a specific pathway was expressed. 345
While each major taxon in the community had a unique transcriptional profile, we found 346 many similarities between their highly expressed pathways. For all major taxa, except 347
Nanohaloarchaea, protein folding, sorting, and degradation pathways were the most highly 348 expressed pathways. General carbon metabolism and oxidative phosphorylation were also highly 349 expressed, although the specific sugar metabolism pathways were highly varied. The 350 community's least active members -the Nanohaloarchaea -where the most different from the 351 other community phyla. Their only highly-expressed pathways were for nucleotide metabolism, 352
transcription and translation as well as pathways for metabolizing simple organism molecules 353 such as fructose and pyruvate. Alignments with BLAST were used to identify fragments of the 354 SPEARE gene encoding a protein essential in Nanohaloarchaea docking to their hosts (Hamm et  355 al., 2019) in two of the MAGs (T17_Nanohaloarchaea_45_3 and T17_Nanohaloarchaea_46_6;  356 Data S1), however none of these genes were expressed in the metatranscriptome. 357
Not surprisingly, the two oxygenic photosynthetic groups in the community -358
Chlorophyta and Cyanobacteria -clustered together in their transcriptional activity. They were 359 the only taxa to carry and express the photosynthesis pathway, which was highly active in both. 360
However, expression profile for other metabolic activities were quite distinct, with Chlorophyta 361 strongly prioritizing glyoxylate metabolism and Cyanobacteria prioritized fructose and pentose 362 metabolism. The opsin biosynthesis pathway, which produces the light-driven proton pumps in 363
Halobacteria (bacteriorhodopsin) and Bacteroidetes (xanthorhodopsin), was one of the most 364 highly expressed pathways in the metatranscriptome compared to the metagenome and was 365 predominantly expressed in Halobacteria.
367
No transcriptional differences detected between daytime and nighttime 368
Samples for metatranscriptomic (and the corresponding metagenomic samples) were 369 collected at 2 time points during the diurnal cycle, at 9 am and 9 pm with 6 replicates, each from 370 a different halite nodule, to uncover temporal transcriptional adaptations of community 371 members. The 9 am time point was characterized by bright light (1h after sunrise) and high 372 relative humidity (60%-80% RH), while the 9 pm time point was collected in the dark (3 hours  373 after sunset) and at low RH (40%-50%). Differential expression analysis was performed on the 374 entire community, standardizing the gene expression to the abundance of its contig in the DNA 375 or the total contig expression in the RNA (Fig. S11A ). DESeq identified differentially expressed 376 genes, however the false discovery rate was greater than 5%, and the over-and under-expressed 377 genes belonged to a seemingly random set of pathways. This analysis was also repeated for 378
individual high-quality MAGs (>70% completion, <5% contamination), including the 379
Cyanobacteria and Dolichomastix MAGs (Fig. S11B,C) . Doing so allowed for a more robust 380 standardization scheme that accounted for the abundance (or total expression) of the entire 381 organism, but did not yield any significant differentially expressed genes. We were also unable 382 to detect significant differences in total pathway expression ( Fig. 5 ).
384
The functional profile was more variable than the functional potential 385 To address the high inter-replicate metatranscriptome variation we observed in this work 386 and investigate how pathway abundance and pathway transcription differences contribute to this 387 heterogeneity, we computed the variance of KEGG pathway abundance or expression values 388 across replicates, standardized to range from 0 to 1. This transformation allowed for direct 389 comparison of the variance in pathway abundance to the variance in pathway expression in the 390 whole community or for a taxon of interest. Across all of the community pathways we found a 391 greater variation in pathway expression levels than pathway abundances (Fig. 6 ). This was true 392 for all tested major taxa in the community (Fig. S12) and temperature metrics, which we could not measure at the time of sampling due to practical 411 limitations. Previously, water availability has been described as the major factor driving 412 community assembly in such arid environments (Finstad et al., 2017; Meslier et al., 2018) , and it 413 is likely that internal relative humidity at a given point in time varies significantly from nodule to 414 nodule depending on their topology, exposure to sun and wind, and on their individual capacity 415 for water retention. It has been shown that halite endoliths obtain most of their liquid water via 416 salt deliquescence and that halite nodules progress through wet and dry stages during diurnal 417 cycles (Davila et al., 2008) . At air RH above 75%, mostly during the night and early morning, 418
brine is formed inside the nodule, filling the pore space between halite crystals. During the day, 419
water slowly evaporates from increasing temperatures and dry winds, leaving most of the nodule 420 to dry. While the water dynamics inside each nodule is unique to that nodule, the overall 421 conditions, and therefore the selective pressure from the environment, are very similar across all 422 nodules, explaining the relative convergence of functional potentials of the halite communities' 423 pan-genomes. 424 We know from previous studies using pulse-amplitude modulation (PAM) fluorometry 425 and respiration measurements that the halite communities are metabolically active, with 426 significant differences between day and night (Davila et al., 2015) . Comparing the taxonomic composition of the metagenomic and metatranscriptomic 442 elements of the halite community revealed that many organisms have a drastically different 443 contribution to the community's functions than what could be inferred from previously reported 444 metagenomic composition (Crits-Christoph et al., 2016). Past studies placed emphasis on 445 cyanobacteria as major players in this microbial community, however we report that they are not 446 the most transcriptionally active. Such results have also been found in other microbial 447 communities with characterized metatranscriptomic components, including extremophile 448 (Fortunato et al., 2018) and human-associated microbiomes (Franzosa et al., 2014) , where many 449 dominant taxonomic groups in the metagenomes were not the more transcriptionally active taxa. 450 One of the least transcriptionally active members in the halite microbiome -Nanohaloarchaea -451 had minimal and sometimes undetected levels of transcription. Recent characterization of 452
Nanohaloarchaea antarcticus in Antarctica suggests that they are ecto-parasitic, using a 453 SPEARE protein complex to dock and form a feeding pore with a host Halorubrum 454 lacusprofundi cell (Hamm et al., 2019) . The low overall transcriptional levels of the halite 455
Nanohaloarchaea, as well as undetectable expression of the SPEARE proteins, are indicative of 456 their inactive state, most likely because they were not associated with a host at the time of 457 sampling. 458
The most transcriptionally active organism in this community was an alga -the only 459 eukaryote. Previous studies have identified eukaryotic components in hypersaline environments, 460
notably and its organelles were still extremely high even when standardizing to genome size and gene 467 count. The larger cell size of green algae compared to bacteria and archaea, and a higher basal 468 metabolism required to survive in a high-salt environment, likely explain this novel finding. 469
Broad estimates of the number of mRNA transcripts per average cell suggest 10 3 -10 4 mRNA per 470 bacterial cell and 10 5 -10 6 mRNA for a 3000 µm 3 eukaryotic cell (Ron Milo, 2016). Using 471 previous microscopy-based observations of the halite alga, its volume can be roughly estimated 472
to be roughly 1000 µm 3 , assuming a spherical cell shape (Robinson et al., 2015) . Taken together, 473 these estimates suggest that the halite alga is expected to be 10-100 times more transcriptionally 474 active than the prokaryotic species, which is similar to what is observed in this study. This 475 suggests that the transcriptional overrepresentation of the alga in this community likely stems 476 from the cell size and functional differences between the eukaryotes and prokaryotes rather than 477 activity levels. This representation disparity is similar to what was found in a cow rumen 478 microbiome, where a multi-omic study revealed that a small eukaryotic minority in the 479 microbiome produced a significantly greater fraction of transcripts than expected from genome 480 copy numbers (Comtet-Marre et al., 2017). We also found that the alga is responsible for 481 producing the vast majority of the photosynthetic transcripts in the system, which could suggest 482 that they are the major primary producers of the community. In a previous study of coastal 483 sediments exposed to light, eukaryotic diatoms were shown to dominate the community 484 metatranscriptome, particularly with extremely high numbers of photosynthetic pathway 485 transcripts ( we were unable to detect evidence for active glycerol production in the alga's transcriptome. The 494 predicted proteome for Dolichomastix exhibited a lack of a high-pI proteins present in its non-495 halophilic phylogenetic relatives. While pI distribution in eukaryotes is not indicative of 496 function, it has been linked to cytoplasmic and nuclear pH (Elevi Bardavid & Oren, 2012) , 497
suggesting that the Dolichomastix alga might have a slightly different intracellular environment 498 compared to non-halophilic members of its class. 499
Our characterization of the viruses of the halite microbiome significantly expanded its 500 existing sequence pool of viral diversity. Our shotgun meta-omic approach to virus and host 501 discovery built on existing microarray-based research on halophilic virus metatranscriptomes 502 (Santos et al., 2011) , providing a basis for more homology-based discovery for viruses in other 503 halophilic environments. Expanding on our previous metagenomic work (Crits-Christoph et al., 504 2016), we were able to reconstruct 3 times more viruses, many of which belonging to novel 505 putative genera, including a wide variety of viruses targeting Halobacteria and Salinibacter 506 hosts. We also detected significant transcriptional activity of genes encoding for viral structural 507
and replicative components in the majority of the discovered viruses, indicating active infection 508 of bacterial and archaeal hosts. Many viruses, including a Halobacteria virus from the 509
Myoviridae class, displayed very high gene expression values, suggesting that they may play a 510 significant role in shaping the structure and composition of halite communities. Our analysis of 511 these viruses also revealed that their transcriptional activity (and thus active infection) did not 512 correlate with their relative abundance nor with that of their host, indicating that their virulent 513 success was dependent on a combination of deterministic (host and virus abundance) and 514 stochastic factors (infectivity rates, host resistance accumulation) in any given halite nodule. 515
These results are consistent with those of an ocean meta-virome study reporting that abundances 516 of individual bacteriophages varied significantly across time and space in response to complex 517 deterministic and random processes that influenced infectivity success (Luo, Aylward, Mende, & 518 DeLong, 2017). Considering the communities in halite nodules are largely isolated because of 519 limited inter-nodule exchanges, such dynamic processes could result in the viral activity variance 520 observed in our study, with stochastic factors resulting in unique outcomes in each nodule. 521
Our study also shed light on the transcriptional functioning of the halite community as a 522
whole. The majority of highly-transcribed pathways in the halite metatranscriptome was related 523
to cell maintenance and basal metabolic activities -transcription, translation, and processes 524 associated with their regulation. The transcriptional landscape indicated rapid carbon turnover by 525 the sole green alga, with its photosynthesis and oxidative phosphorylation pathways being 526 among some of the most consistently highly expressed in the community. In halite nodules, the 527 carbon fixed by Cyanobacteria and the alga by way of oxygenic photosynthesis is most likely 528 the only source of primary production (Robinson et al., 2015) , as essential genes for ammonia 529 oxidation were not detected in this or previous metagenomes (G. . ATP can 530 also be produced via rhodopsin light-activated proton pumps by heterotrophic Halobacteria and 531
Bacteroidetes (Engelhard, Chizhov, Siebert, & Engelhard, 2018) . We found that opsin 532 production was one of the most upregulated pathways in Halobacteria, suggesting that 533 supplementation of their ATP budget by light-driven reactions is essential for these organisms. 534
This is consistent with the upregulation of energy-harvesting rhodopsins in Halobacteria during 535 stress (Spudich, 1998) 2015) and the lack of gDNA contamination in the RNA was confirmed by RT-PCR with the 581 515F/926R 16S rRNA gene primers (Fig. S1 ). Note that the cDNA was only used for DNA 582 contamination assessment, but not library construction. RNAseq libraries were prepared with the 583
SMARTer Stranded RNA-seq kit (TaKaRa) using 25ng of RNA input and 12 cycles for library 584 amplification. All other steps followed the manufacturer's recommendations. 24 paired RNA libraries 585 corresponding for the 12 metagenomic samples were pooled in-silico (files were concatenated) into 12 586
replicates to exactly match the sequenced material in the metagenomic samples. The final barcoded 587 libraries were quantified with Qubit dsDNA HS kit, inspected on a dsDNA HS Bioanalyzer, pooled to 588 equal molarity, and sequenced with paired 150bp reads on the HiSeq 2000 platform at the Johns 589
Hopkins Genetic Resources Core Facility (GRCF). 590 591
Processing shotgun metagenomic and metatranscriptomic sequence data 592
The de-multiplexed shotgun reads were processed with the metaWRAP v1.1 pipeline (G. V. Uritskiy, 593 DiRuggiero, & Taylor, 2018) with recommended databases on a UNIX cluster with 112 cores and 594 2048GB of RAM available. Read trimming and human contamination removal was done by the 595 metaWRAP Read_qc module (default parameters) on each sample. The metatranscriptomic reads were 596 digitally ribo-reduced with SortMeRNA v2.1b (Kopylova, Noe, & Touzet, 2012) by aligning the reads 597 to SILVA v138 ribosomal sequences. The reads from all metagenome replicates were co-assembled 598 with the metaWRAP Assembly module (--use-metaspades option) (Nurk, Meleshko, Korobeynikov, & 599 Pevzner, 2017). Each replicate was also assembled individually for algae sequence extraction 600 (described below). For metagenome-assembled genome (MAG) recovery, the co-assembly was binned 601 with the metaWRAP Binning module (--maxbin2 --concoct --metabat2 options), and the resulting bins 602
were then consolidated into a final bin set with metaWRAP's Bin_refinement module (-c 70 -x 5 603 options). The total abundances (with metagenomic reads) and total expression (with metatranscriptomic 604 reads) of MAGs and contigs were then quantified in each replicate by Salmon ( the combined total CPM and TPM, respectively, of the genes that constituted that pathway. All 977 samples were standardized to an equal total coverage of all pathways, and then scaled to the 978 maximum value for each row (pathway). 979 980 Fig. S10 : Mean transcriptional activity ratio of major highly-expressed KEGG pathways in the 981 major taxa found in the halite communities. The relative activity is the ratio of total pathway 982 expression (TPM) to the pathway's abundance (CPM) in each taxon. 983 Fig. S12 : Variance in pathway abundance in metagenome replicates (cyan) and variance in 993 pathway expression in metatranscriptome replicates (gold) shown for major phylogenetic groups 994 of the halite community. 995
